Tissue-specific novel transcripts expressed during sexual development were examined by RT-PCR, quantitative RT-PCR (qRT-PCR), and in situ hybridization to provide data for chicken genomics. Public databases for transcript data have been constructed with known and unknown sequences of various tissues from different animals. However, the expression patterns and functions of the transcripts are less known. From the The Institute for Genomics Research Gallus gallus library, we examined 291 tentative consensus (TC) sequences that assembled 100% with transcripts by RT-PCR during male and female sexual development from Embryonic Day 6 to 25 wk of age. We found 85 TC sequences that were specific to testicular development; of these, 43 TC sequences were exclusively upregulated in 25-wk-old testis. Another 52 TC sequences were not specific to one tissue, but occurred in the testis and ovary at different developmental ages. Twelve testis-specific TC sequences upregulated in 25-wk-old testis were randomly selected and further examined with qRT-PCR. For precise localization, these 12 testis-specific TC sequences were examined by in situ hybridization with 25-wk-old adult testis. Six TC sequences were strongly expressed in secondary spermatocytes and haploid spermatids until spermatozoa release. Another six TC sequences were differentially expressed in the adluminal compartment of seminiferous tubules. Among the testis-specific TC sequences, TC120901 is a known gene, phospholipase C, zeta (PLCZ1). Our data provide potential insight into gene expression and genomic information on novel transcripts that are important to avian reproduction.
INTRODUCTION
Genomic research in chicken has progressed with the cloning and characterization of large expressed sequence tag (EST) collections and assembly of the chicken genome [1] . However, genomic analysis of avian sexual maturation has revealed a lack of information compared with mammals. Genomic research allows numerous questions to be addressed in several areas [2] . Sequencing, annotation, and analysis of transcripts specific to sexual development are fundamental parts of genomic research. Expressed sequence tags are partial sequences that can be applied to gene discovery, gene expression, gene regulation, and proteomics-based studies [3] .
Several large-scale EST/transcriptome data libraries have been developed for different embryonic and adult chicken reproductive tissues/cells, and have contributed to the development of avian genomics [4] [5] [6] [7] . The Institute for Genomic Research (TIGR) Gallus gallus Gene Index, a public database, contains integrated data from various EST libraries [8] . The Institute for Genomic Research provides large-scale information about tentative consensus (TC) sequences, ESTs, and expressed transcripts (ETs) related to various chicken tissues [4, 9] . The updated release of the TIGR G. gallus library (release 11.0, 17 June 2006) contains 75 408 TC sequences, 112 983 singleton ESTs, and 860 singleton ETs. Tentative consensus sequences (from ,1 to !5 kb) were created by assembling 100% of ESTs or ETs obtained by classical methods. These TC sequences represent partial genes that were identified previously. The expression pattern, cellular functions, and genomic relationships of TC sequences are less known.
The aim of this investigation was to examine the expression of 291 TC sequences by reverse transcription-PCR (RT-PCR) during the sexual development of male and female White Leghorn chickens, and to further confirm the expression of selected adult testis-specific transcripts by quantitative realtime PCR (qRT-PCR) and in situ hybridization. Our data provide insights into the expression of and genomic information on novel transcripts important to avian reproduction. The transcripts identified in adult testis continue our knowledge for cloning novel genes in chicken.
MATERIALS AND METHODS

Animals
White Leghorn chickens were maintained at the University Animal Farm, Seoul National University. All procedures for animal management, reproduction, and surgery were performed in accordance with standard protocols of the Division of Animal Genetic Engineering, Seoul National University. The appropriate management of experimental samples, animal care and use, and quality control of the laboratory facility and equipment was performed. All experimental data provided in the present study were from three to five independent experiments. Tissues, Total RNA Extraction, and Reverse Transcription
We collected 17 tissues during the sexual development of male and female chickens: male and female gonads on Embryonic Days 6 and 12; testis and ovary at 1 day (hatching) and 4 and 12 wk old; and brain, kidney, liver, spleen, skeletal muscle, testis, and ovary at 25 wk old. For sex determination of 6-dayold chicken embryos, about 0.2 ll embryonic blood from fertilized eggs that had been incubated for 5 days was aspirated using microneedles under sterile conditions. The embryonic blood samples were diluted in distilled water, boiled for five cycles each consisting of 948C for 5 min and 558C for 5 min, and the genomic DNA was amplified with the chicken W chromosome-specific primers USP1 (5 0 -CTATGCCTACCACATTCCTATTTGC-3 0 ) and USP3 (5 0 -AGCTG-GACTTCAGACCATCTTCT-3 0 ) [10] . At 25 wk, nongenital tissues were collected from both male and female chickens for RNA extraction. Total RNA was extracted from each tissue with Trizol reagent (Invitrogen) according to the manufacturer's guidelines, phenol:chloroform extracted, and ethanol precipitated. DNA traces from total RNA samples were degraded with RQ1 RNaseFree DNase (Promega) according to the manufacturer's guidelines prior to reverse transcription. Oligo(dT) 20 -primed total RNA (1 lg) was reverse transcribed with the Superscript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's guidelines. The cDNA was diluted to 20% and used for the experiments described below.
Selection of Novel Transcripts Assembled into TC Sequences and RT-PCR Analysis
From the TIGR G. gallus Gene Index database, we examined 291 TC sequences that assembled with ESTs to determine the expression of these TC sequences during sexual development. The cDNA from the 17 tissue types was amplified with the appropriate forward and reverse primers for each of the 291 TC sequences. Each 20-ll PCR reaction contained 2 ll cDNA, 2 ll PCR buffer, 1 ll of 2.5 mM dinucleotide triphosphate (dNTP) mixture, 10 pmol of each forward and reverse primer, and 1 unit of Taq DNA polymerase. Touchdown PCR was performed to prevent the formation of spurious bands. An initial denaturation step at 948C for 5 min was followed by five rounds of touch-down cycles; the primer annealing temperature was 628C in the first cycle and decreased by 0.58C in each subsequent cycle. The thermal conditions for the next 30 cycles were 948C for 30 sec, the programmed annealing temperature for 30 sec, and 728C for 30 sec. The PCR was terminated by a final incubation at 728C for 7 min to ensure complete extension.
Based on strong and exclusive expression in the RT-PCR analysis, we selected 12 adult testis-specific TC sequences for further confirmation by qRT-PCR and in situ hybridization. The primer sequences and programmed annealing temperature of selected adult testis-specific TC sequences examined by qRT-PCR and in situ hybridization are presented in Supplemental Table S1 (available online at www.biolreprod.org).
Quantitative RT-PCR Analysis
The cDNA from male gonads on Embryonic Days 6 and 12; testis at 1 day and 4 and 12 wk; and testis, brain, kidney, liver, spleen, and skeletal muscle at 25 wk were amplified with the appropriate forward and reverse primers for the 12 testis-specific TC sequences. The 25-wk-old chicken ovary was used as a reference tissue for females. The quantification was performed in an iCycler 7300 real-time PCR detection system (Applied Biosystems). Each PCR reaction contained 2 ll PCR buffer, 1.6 ll of 2.5 mM dNTP mixture, 10 pmol of each forward and reverse primer, 2 ll cDNA, 4 ll SYBR green I (Sigma), 0.5 ll ROX reference dye (Invitrogen), and 1 unit of Taq DNA polymerase in a final volume of 20 ll and was carried out in optical 96-well standard plates (Applied Biosystems). Polymerase chain reaction was performed by initial incubation at 508C for 2 min and 958C for 10 min, followed by 40 cycles of 958C for 15 sec, the programmed annealing temperature for 30 sec, and 728C for 30 sec. The PCR was terminated by a final incubation at the dissociation temperatures of 958C for 15 sec, 608C for 30 sec, and 958C for 15 sec.
For post-PCR analysis, sequence-specific products were identified by generating a melting curve. The threshold cycle (Ct) of each TC sequence represents the cycle number at which the fluorescent signal statistically rose above the background and was normalized with the Ct of an endogenous housekeeping gene, chicken b-actin (forward: 5 0 -CTGTCCCTGTATGCCTCTGGTC-3 0 ; reverse: 5 0 -TTCTCTCTCGGCTGTGGTGG-3 0 ; GenBank accession number L08165). Relative quantification of the expression of each TC sequence was calculated using the 2 ÀDDCt method [11, 12] .
Hybridization Probes
To determine the exact localization of each TC sequence, expression of the 12 adult testis-specific TC sequences was examined using in situ hybridization with a modification of an earlier method [13] . The cDNA from 25-wk-old chicken testis was amplified with the appropriate forward and reverse primers. The amplified fragment of each TC sequence was loaded onto a 1% agarose gel and separated by electrophoresis at 5 V/cm for about 30 min. The DNA from each TC sequence was recovered with a Power Gel Extraction kit (TaKaRa), cloned into a pGEM-T plasmid vector (Promega), and transformed into Escherichia coli strain DH5a. After verification of sequences, the recombinant plasmids for each TC sequence were amplified with T7-and SP6-specific primers (T7: 5 0 -TGTAATACGACTCACTA-TAGGG-3 0 ; SP6: 5 0 -CTATTTAGGTGACACTATAGAAT-3 0 ) to prepare the template for labeling cRNA probes. Digoxigenin (DIG)-labeled sense and antisense cRNA probes (promoted by T7 or SP6 RNA polymerase, according to the cloning directions) were transcribed in vitro with a DIG RNA labeling kit (Roche).
FIG. 1.
The RT-PCR analysis of novel transcripts during sexual development in chicken. Among the positive TC sequences, 85 were specifically expressed during testicular development from Embryonic Day 12 to 25 wk, whereas 43 candidate TC sequences were exclusively upregulated in 25-week-old testis (A). Another 52 positive TC sequences were expressed in both testis and ovary at different stages of sexual development (B).
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In Situ Hybridization
Testis from 25-wk-old chicken was cut into 8-to 10-mm pieces and frozen in liquid nitrogen. Frozen sections (10 lm) were mounted on 3-aminopropyltriethoxysilane (Sigma)-pretreated slides, dried on a 508C slide warmer, and fixed in freshly prepared 4% paraformaldehyde in 13 phosphate-buffered saline (PBS; 1.4 M NaCl, 27 mM KCl, 100 mM Na 2 HPO 4 , and 18 mM KH 2 PO 4 ; pH 7.4) for 1 h at room temperature. The sections were washed twice in 13 PBS, treated in 1% Triton X-100 for 20 min, and washed three times in 13 PBS. The sections were incubated with a prehybridization mixture containing 50% formamide and 53 standard saline citrate (SSC: 150 mM NaCl and 15 mM sodium citrate; pH 7.0) for 15 min at room temperature. After prehybridization, the sections were incubated with a hybridization mixture containing 50% formamide, 53 SSC, 10% dextran sulfate sodium salt, 0.02% bovine serum albumin, 250 lg/ml yeast tRNA, and denatured DIG-labeled sense or antisense cRNA probes for the testis-specific TC sequences for 18 h in a 558C incubation chamber.
The sections were washed for stringency in a series of solutions containing formamide and SSC as described [13] . After nonspecific binding was blocked with 1% blocking reagent (Roche) in buffer I (1 M Tris-HCl [pH 7.5] and 2.5 M NaCl), the sections were incubated overnight with sheep anti-DIG antibody conjugated to alkaline phosphatase (Roche). The signal was visualized with a visualization solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 mM nitroblue tetrazolium, and 2 mM levamisole (Sigma) in buffer III (1 M Tris-HCl [pH 9.5], 2.5 M NaCl, and 0.5 M MgCl 2 ). All sections were counterstained with 1% (w/v) methyl green (Sigma), and photographs were taken with a Zeiss Axiophot light microscope equipped with an Axiocam HRc camera (Carl Zeiss).
Searches for Assembled ESTs/ETs and Chromosome Number of TC Sequences
The position of ESTs/ETs found in the sense/antisense strand was determined in TIGR G. gallus library. To further determine the length of ESTs/ETs used to assemble the TC sequences, the whole sequences of corresponding TC sequences and ESTs/ETs were manually counted using Gene Runner. To determine the number of TC sequences (ESTs) assigned to chromosomes, the chromosome number of each TC sequence was noted from the TIGR G. gallus library.
Search for Matched Proteins and Functional Domains of TC Sequences
The matched proteins of TC sequences were searched against nonredundant protein sequences in NCBI BLASTX [14] by entering the nucleotide sequences of each TC sequence. The conserved functional domains were then searched in Pfam-A family matrices and the National Center for Biotechnology Information (NCBI) conserved domain database [14, 15] . All data were obtained based on the best hits and e_value cutoffs.
RESULTS
RT-PCR Analysis of Novel Transcripts Expressed During Sexual Development in Chicken
There were 106 TC sequences (36.4%) consistently expressed in at least one nongenital adult tissue, 85 TC sequences (29.2%) specifically expressed in the male gonad and testis during sexual development, 52 TC sequences (17.9%) expressed in both testis and ovary during sexual development, and 48 TC sequences (16.5%) not expressed in any of the tissues tested.
The number of TC sequences specifically expressed in testis increased with sexual development. Fewer TC sequences were expressed in the embryonic portion of testicular development. Ten TC sequences were expressed in both 4-and 25-wk-old testis, and 28 TC sequences were expressed in both 12-and 25-wk-old testis. We found 43 candidate TC sequences that were exclusively upregulated in 25-wk-old testis (Fig. 1A) . Among the testis-specific TC sequences, few were complete sequences. TC120901 is chicken PLCZ1, TC233325 is a testis-specific leucine zipper protein unit, and TC236430 is RIKEN cDNA 3110050N22. TC136991 and TC252966 are G. gallus finished cDNA, clones chEST172d12 and chEST132b5, respectively. TC119769, TC141765, and TC262314 are also complete sequences but are known hypothetical proteins. TC109550 (dual specificity protein phosphatase 18), TC116475 (hypothetical protein), TC138234 (hypothetical protein), and TC236914 (serine/threonine kinase 22C) had more than 80% similarity to the proteins given in the tentative annotation (Supplemental Table S2 ).
The positive TC sequences that were expressed in both testis and ovary increased in number with sexual development. None of these TC sequences was specific to one sex (i.e., the TC sequences expressed in testis at a given age were detected again in testis, ovary, or both at another age). There was no significant difference in the transcripts expressed in testis and/ or ovary until 4 wk; however, a significant difference was found in the transcripts expressed in testis and ovary at 25 wk. No transcripts were detected in male gonads at Embryonic Day 6 or in the ovary at 25 wk (Fig. 1B) . Of the TC sequences that occurred in both testis and ovary, TC99039 (Cdh1), TC100743 (small nuclear ribonucleoprotein Sm D3), and TC255207 
TESTIS-SPECIFIC NOVEL TRANSCRIPTS IN CHICKEN
(hypothetical protein) are complete sequences. TC121831 and TC228489 are contig2997 and contig2904, respectively, of the WL/RJ phraped EST of G. gallus cDNA. TC106523 (phosducinlike 2), TC234861, and TC258629 (GTPase activating protein; GAB-associated CDC42) had more than 80% similarity to the proteins described in the tentative annotation (Supplemental Table S3 ).
Quantitative RT-PCR Confirmation of Adult Testis-Specific TC Sequences During Sexual Development
Based on our RT-PCR results, we selected 12 adult testisspecific TC sequences (TC113009, TC113702, TC116690,  TC117377, TC119769, TC120901, TC130453, TC137350,  TC139858, TC244139, TC249072 , and TC262314) for further confirmation by qRT-PCR and in situ hybridization.
Quantitative RT-PCR was performed to confirm the expression of the 12 adult testis-specific TC sequences in male gonads on Embryonic Days 6 and 12; in testis at 1 day and 4 and 12 wk; and in testis, brain, kidney, liver, spleen, skeletal muscle, and ovary at 25 wk. Relative quantification of the expression level of each TC sequence was normalized with chicken b-actin. All 12 TC sequences were significantly upregulated in 25-wk-old testis relative to b-actin (Fig. 2) . A relative expression level of TC116690, TC130453, TC262314, TC119769, TC137350, and TC139858 was exclusively detected in 25-wk-old testis by qRT-PCR. TC113009, TC249072, TC113702, TC117377, and TC244139 were expressed in all tissues tested; however, the expression level was significantly higher in 25-wk-old testis than in the other tissues. Furthermore, few TC sequences were significantly expressed in early testicular development at a low level when compared to tissues other than 25-wk-old testis. TC120901 was expressed in 4-wk-old testis. TC137350 was expressed in 1-day-old and 4-wk-old testis. The expression level of TC130453 and TC262314 was very high compared with all other TC sequences tested. Although the expression of TC113009 was significantly upregulated in 25-wk-old testis, the expression level was very low compared with other TC sequences (Fig. 2) . After examining the quantitative data, each TC sequencespecific product of qRT-PCR was confirmed by gel electrophoresis (data not shown). 
Expression of mRNA Encoding Adult Testis-Specific TC Sequences
Expression of mRNA encoding the 12 adult testis-specific TC sequences was examined using in situ hybridization in adult chicken testis to determine expression in specific cell types. All 12 TC sequences were upregulated within the adluminal compartment of the seminiferous tubules. The mRNA of six TC sequences (TC113009, TC116690, TC120901, TC130453, TC249072, and TC262314) was strongly expressed in the cytoplasm of spermatocytes, round spermatids, and elongating/elongated spermatids when compared to the negative control (Fig. 3) . In particular, mRNA expression was found in postmeiotic I spermatocytes (i.e., secondary spermatocytes) until the final stage of spermatozoa release. Furthermore, the mRNA expression of TC116690 and TC262314 was higher in spermatocytes and round spermatids than in elongated spermatids. TC130453 and TC113009 expression level was higher than other TC sequences.
There was differential expression of six TC sequences in the cytoplasm of spermatocytes and spermatids (Fig. 4) . TC113702 and TC119769 were strongly expressed in secondary spermatocytes. When the secondary spermatocytes proceeded into differentiation events, expression decreased. Round and elongated spermatids had weak mRNA signals. TC117377, TC139858, and TC244139 expression was also strong in secondary spermatocytes, whereas round and elongated spermatids did not express or barely expressed this mRNA. TC137350 mRNA was expressed strongly in round spermatids and elongated spermatids. None of the 12 selected TC sequences were expressed in preleptotene to telophase spermatocytes. There was no expression in the basal compartment of Sertoli cells or spermatogonia. The basement membrane and interstitial tissues of Leydig did not express mRNA.
Chromosome Location, Length, and Position of ESTs/ETs Assembled in Adult Testis-Specific TC Sequences
Expressed sequence tags/ETs assembled in the TC sequences were updated from the TIGR G. gallus library. Of the 12 adult testis-specific TC sequences, TC120901 and TC130453 were assembled with more ESTs/ETs. In total, 56 5 0 ESTs were assembled in the 12 TC sequences, with 43 ESTs found in the   FIG. 4 . In situ hybridization of TC113702, TC117377, TC119769, TC137350, TC139858, and TC244139 in adult chicken testis. All TC sequences were differentially expressed in secondary spermatocytes and haploid spermatids. Sense (left column) and antisense (middle column) original magnification 3100; antisense (right column) original magnification 3400. Lu, Lumen; Ss, secondary spermatocytes; Rs, round spermatids; Es, elongated spermatids; Bm, basement membrane; L, Leydig cells.
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417 sense strand and 13 ESTs found in the antisense strand. Only two ETs were assembled in the sense strand of the selected TC sequences (Table 1) . Furthermore, 36 793 bases representing the ESTs/ETs of upregulated TC sequences were reduced to 11 697 bases (32%) after normalization to reduce the redundancy in ESTs/ETs for assembly. TC120901 contained the most bases (18%) among assembled TC sequences ( Table  1) .
The chromosome number of TC sequences was updated from the TIGR G. gallus library to determine the TC sequences (ESTs) assigned to autosomes and sex chromosomes. TC120901 and TC130453 were on chromosome 1 (Chr 1); TC116690 and TC119769 were on Chr 3; TC262314 and TC139858 were on Chr 4; TC113009 and TC117377 were on Chr 13; and TC244139 was on Chr 28. The chromosome location of three TC sequences (TC249072, TC113702, and TC137350) was not determined ( Table 2) . None of the TC sequences were found in the sex chromosomes.
Matched Proteins and Functional Domains of Adult Testis-Specific TC Sequences
The matched proteins and functional domains for the 12 adult testis-specific TC sequences were determined using NCBI BLASTX against nonredundant protein sequences, Pfam-A family matrices, and the NCBI conserved domain database. The data are presented based on the best hits and e_value cutoff (Table 2 ). TC120901 had high hits with a known protein, chicken PLCZ1 (e_value 0.0) and its active domains EF-hand, PLC-X, PLC-Y, and C2. TC116690 had high hits with a homolog similar to the KIAA1640 protein (e_value 0.0). TC113009 had fewer hits with the hexokinase 2 protein and domain in G. gallus (e_value 2e-44). TC130453 had significant hits with serologically defined colon cancer antigen 3 (G. gallus, e_value 2e-105). TC137350 had significant hits with spermatogenesis-associated protein 19 (Bos taurus). The other upregulated TC sequences (TC249072, TC113702, TC117377, TC119769, and TC139858) were identified as hypothetical proteins for which there is no experimental evidence. No protein or protein domain similarity was found for TC262314 or TC244139 (Table 2) .
DISCUSSION
Avian germline development and differentiation is a highly ordered process that occurs along with gonadal development and sexual maturation. Gonads in chicken begin as paired structures on the ventral-medial surface of the mesonephroi between Embryonic Day (E) 3.0 and E3.5. The differentiation of gonads, including primordial germ cells and somatic components, is apparent from E6.5 [16] . After differentiation, both gonads enter into dramatic morphological and physiological changes prior to puberty. The first differentiation of oogonia in genetically female embryos and spermatogonia in genetically male embryos starts after E8.0 and E13.0, respectively [17] . The morphological, physiological, and endocrinological changes from embryo to adult are well documented in chicken; however, genomic involvement during sexual development is relatively unknown. To gain insight into the transcripts involved in male and female sexual development, we used a classical method (RT-PCR).
The transcripts specifically expressed in the testis or ovary are interesting, because such transcripts might be involved in tissue specific functions. One set of transcripts was not specific to one sex, but expressed in both testis and ovary; these transcripts might play a role in both sexes. We found 43 TC sequences that were exclusively upregulated in adult testis. Apart from adult testis, no other tissue expressed most of the candidate transcripts in this study. Therefore, we examined the expression pattern and localization of selected transcripts. Our qRT-PCR data confirmed the exclusive expression of transcripts in adult testis. However, few TC sequences were expressed in the early testis and nongenital tissues at a comparatively low level. This contrast with our RT-PCR results might be due to the sensitivity of the different techniques.
In testis, preleptotene spermatocytes go through meiotic events to produce round spermatids, which no longer divide but differentiate into spermatozoa [18, 19] . The spermatogonia and primary spermatocytes are located within the basal compartment, followed by secondary spermatocytes [20] . The round and elongated spermatids are found together with meiotic figures [18] . The major structural changes in chromatin related to replication, transcription, and recombination occur in cells from spermatogonia to early spermatids. The nuclear condensation and nucleohistone-nucleoprotamine transition occur in late spermatids [21] . Spermatids undergoing differentiation are totally inactive in terms of DNA replication and transcription, but DNA repair still takes place [19] . Of the 12 selected TC sequences, six were specifically expressed from secondary spermatocytes to spermatozoa release, which suggests that these TC sequences are involved in cytoplasmic changes during late meiosis, DNA segregation, and events in spermiogenesis. The expression of another six TC sequences was differential during meiotic maturation and spermiogenesis.
Of the selected testis-specific TC sequences, TC120901 is a complete gene PLCZ1 in chicken. PLCZ1 protein triggers Ca 2þ )  987  TC116690  3  1925  1127  TC120901  13   b   9768  2143  TC130453  13   c   7231  807  TC249072  2  1791  943  TC262314  3  1669  629  TC113702  5  3024  1240  TC117377  3  1931  894  TC119769  2  1194  594  TC137350  4  2476  772  TC139858  2  920  714  TC244139  4  2744  847 a ESTs found in all the TCs were 5 0 ESTs. b Two ETs found only in TC120901. c ESTs of TC130453 found in the antisense strand.
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oscillations and egg activation during fertilization [22] . Chicken PLCZ1 is similar to its mammalian homolog; Plcz1 homologs have been previously identified in mouse and the cynomolgus monkey [23, 24] . The binding mechanism of PLCZ1 with the egg membrane was recently reported in mammals [25] . PLCZ1 has four discrete domains: EF-hand, PLC-X, PLC-Y, and C2. The linker region between the PLC-X and PLC-Y domains contains a cluster of basic residues, which anchors PLCZ1 to phosphoinositides (PIP2) to initiate membrane activation [25] . Previous studies in chicken and mammalian species found PLCZ1 to be a sperm-specific protein [22] [23] [24] 26] . We detected strong expression of PLCZ1 mRNA from secondary spermatocytes until the release of sperm, which suggests that PLCZ1 is active in secondary spermatocytes and subsequent stages in adult chicken testis.
It is important to know which tissue-specific transcripts match with known chicken genes/proteins or putative homologs in other species [27] . Based on the matched protein functions, we can predict the functions of TC sequences. TC113009 matched with hexokinase II (HK2) enzyme. Glucose is immediately converted into glucose-6-phosphate by hexokinase (HK) enzymes. There were four isozymes of HKs: HK1, HK2, HK3, and GCK (also referred to as HK4) identified in mammals. HK2 overexpressed in mammalian cancer cells and cardiomyocytes to protect the cells against oxidative stress through mitochondrial binding and glucosephosphorylating activities [28, 29] . Chicken HK2 gene upregulated in the insulin-dependant tissues, such as skeletal muscle and heart; however, liver, brain, and kidney also expressed HK2 at a low level [30] . Glucose is an important energy source for meiotic maturation; hexokinase acts as ratelimiting enzyme for glucose utilization during meiotic maturation in mammals [31, 32] . Chicken HK2 gene expression was increased during chicken follicle development [33] . Hexokinase in the meiotic spermatocytes, spermatids, and spermatozoa of rats was reported [34] . Expression of TC113009 in the present study suggested that this sequence might have a role in energy supply for secondary spermatocytes and spermatids.
TC137350 matched with a testis-specific protein, spermatogenesis-associated 19 (SPATA19). SPATA19 has been previously identified in mammals [35] [36] [37] ; however, there is no evidence for chicken homolog. Spata19 was previously known as spermatogenic cell-specific gene 1 (Spergen1).
Spata19 expression was detected after 4 wk of age, and was developmentally upregulated in mouse and rat testis [36, 37] . SPATA19 protein expression was limited to the late steps during spermiogenesis. In mature sperm, SPATA19 was specifically expressed in the middle piece of spermatozoa [37, 38] . SPATA19 has a mitochondria-targeting signal at Nterminal hydrophobic region and the C-terminal region required for induction of mitochondrial aggregation. SPATA19 has a unique role in spermiogenesis by assembling mitochondria into the mitochondrial sheath in the middle pieces of spermatozoa [38] . The steps of spermatid maturation in chicken are relatively fewer than in mammals. TC137350 mRNA expression was detected in both round spermatids and elongated spermatids, and might be involved in mitochondria assembling during chicken spermiogenesis.
TC130453 matched with a protein, serologically defined colon cancer antigen 3 (SDCCAG3). TC116690 matched with KIAA1640 protein, which also is known as coiled-coil domain containing 40 (CCDC40). The functional significance of SDCCAG3 and CCDC40 proteins in mammals and chicken is less known. Individual sequences that do not match known genes/proteins were registered as hypothetical proteins in genomic and EST databases. The TC sequences reported here as hypothetical proteins have no experimental evidence in vivo.
Most of the 5 0 ESTs assembled in the selected testis-specific TC sequences fall on the sense strand. In genomic research, it is necessary to know the number of ESTs assigned to each chromosome [39] . Since work has been done on sexual development, we were interested to know whether the ESTs of selected testis-specific TC sequences were assigned to sex chromosomes (Z/W) in chicken. None of the selected testisspecific TC sequences were found on sex chromosomes. Interestingly, Chr 1 was assigned to 26 EST sequences-13 ESTs/ETs from TC120901 and 13 ESTs from TC130453. These two sequences were highly expressed in adult testis based on qRT-PCR and in situ hybridization, which suggests that Chr 1 might play a role in late meiotic events in avian spermatogenesis.
To our knowledge, this is the first report using EST sequences extracted from tissue-specific libraries to examine expression during sexual maturation using RT-PCR, qRT-PCR, and in situ hybridization. Few tissue-specific genes or transcripts have been identified in avian reproduction. Our data provide insight into the expression of and genomic information on novel transcripts. The transcripts exclusively upregulated in adult testis extend our knowledge of cloning and characterization of novel genes in avian reproduction.
